Hyperpolarized K- 3 He comagnetometers have been used for tests of fundamental physics and inertial rotation sensing. These experiments will demonstrate increased sensitivity if the 3 He buffer gas is replaced with 21 Ne. We measure the parameters necessary to realize implementation of an alkali-metal- 21 Ne comagnetometer for two promising alkali-metal species, Rb and K. The spin-exchange rate constant for K with 21 Ne and Rb with 21 Ne are measured using two different methods. We also make the first measurement of the K-21 Ne contact spin interaction. Measurements for the Ne contact spin interaction, as well as the spin-destruction coefficients for 21 Ne with both alkali-metal species are consistent with previous measurements. Additionally the quadrupolar spin-relaxation rate of 21 Ne is measured. Finally, the feasibility of utilizing polarized 21 Ne for operation in a comagnetometer is discussed.
I. INTRODUCTION
Hyperpolarized noble gases are used in a variety of applications, including medical diagnostic lung imaging, tests of fundamental symmetries, spin filters, atomic gyroscopes, searches for atomic electric dipole moments, and atomic magnetometers [1] [2] [3] [4] [5] [6] . Typically 3 He is utilized because large 3 He polarizations (of order 50%) can be produced. Several techniques exist to hyperpolarize the noble gas nuclei such as metastable exchange optical pumping [7] and atomic beam sources [8] . In this work an optically pumped alkali-metal vapor polarizes the noble gas nuclei via spin-exchange optical pumping (SEOP) [9] .
One hyperpolarized noble gas application of particular importance to tests of CPT and Lorentz violation [10] is the K- 3 He comagnetometer. Here, the alkali-metal atoms pump a diamagnetic noble gas via spin-exchange collisions. The comagnetometer exhibits many useful attributes such as insensitivity to magnetic fields while retaining sensitivity to nonmagnetic spin couplings and nonmagnetic anomalous fields. Anomalous fields of interest include Lorentz violating fields and nonmagnetic spin-spin couplings. This makes the comagnetometer valuable for tests of fundamental physics. The comagnetometer also exhibits a sensitivity to rotation. This enables implementation as a gyroscope. The objective of the experiments on 21 Ne atoms reported here is to catalog the parameters necessary to create an alkali-metal-neon comagnetometer that could be used for experiments on tests of fundamental symmetries and for deployment as a sensitive gyroscope.
The comagnetometer would demonstrate increased sensitivity by replacing 3 He gas with polarized 21 Ne gas. The sensitivity of the comagnetometer is inversely proportional to the gyromagnetic ratio of the noble gas. Switching to neon would instigate an order of magnitude gain in sensitivity over 3 He [6] and improve tests of CPT violation [3] and implementation as a gyroscope. Neon's nuclear spin of 3/2 allows sensitivities to new effects in CPT violation tests.
In order to realize these applications the interaction parameters of 21 Ne with alkali metals must be measured. The spin-exchange rate constant κ a , and contact spin interaction κ 0 are unknown and have been calculated only theoretically [11] .
There are no quantitative predictions of the neon quadrupolar spin-relaxation rate quad .
In this work we investigate the polarization of 21 Ne with optical pumping via spin exchange collisions and measure the relevant spin-exchange rate constant, contact spin interaction, and quadrupolar relaxation coefficient. Furthermore the spindestruction cross section of Rb and K with 21 Ne are measured. Finally we discuss the feasibility of utilizing polarized 21 Ne for operation in a comagnetometer. 21 Ne nuclei are polarized via spin-exchange collisions with polarized alkali-metal atoms. During spin-exchange collisions the electron wave function of the alkali-metal atom overlaps with the noble gas nucleus. They interact via a hyperfine Fermi contact interaction given by the Hamiltonian H se
II. THEORY
where W n refers to the nuclear spin operator of the noble gas and S a refers to the electron spin operator of the alkali-metal atoms. During collisions this interaction leads to an exchange of angular momentum from the alkali-metal atom's valence electron to the noble gas atom's nucleus. As a result of the hyperfine Fermi contact interaction, the valence electron of the alkali-metal atom and the nucleus of the noble gas both experience strong magnetic fields due to the interaction of their magnetic moments. The interaction of the atoms with this magnetic field results in a change in the Larmor precession frequency of both species. This frequency shift is described in terms of the contact spin interaction κ 0 [9] . The contact spin interaction κ 0 is defined as the ratio of the Larmor frequency shift of each species caused by the contact interaction and the shift caused by the classical magnetic field generated by the conjugate gas species. The frequency shift ν experienced by the alkali-metal atoms is given by
for a sphere of uniform magnetization M n and alkali-metal atom gyromagnetic ratio dν dB
. The frequency shift expected from the classical expression for a uniformly magnetized sphere is found by setting κ 0 = 1. The value of κ 0 is often much greater than unity. κ 0 can be measured by comparing the precessional frequency shift of the alkali-metal species to the classically expected frequency shift produced by the polarized noble gas nuclei. The frequency shift can be measured by monitoring the precessional frequency of the alkali-metal species under reversal of the noble gas atom's nuclear spin. The noble gas magnetization M n can be determined via application of NMR tipping pulses and measurement of the resulting signal in an NMR pickup coil.
For light alkali-metal atoms, the dominant spin exchange mechanism for polarizing noble gas atoms involves binary collisions. The spin-exchange rate constant κ a can be expressed in terms of the spin-exchange cross-section σ se as [12] :
The term v K-Ne denotes the mean relative velocity between the potassium and neon atoms. This description also applies to rubidium atoms. The polarization of neon atoms via spin-exchange collisions with potassium atoms of number density n K can be described by [9, 13] :
The term is the paramagnetic slowing-down factor. For spin I and spin temperature β the paramagnetic slowing-down factor is given by [9] :
where n Ne denotes the number density of neon atoms. The longitudinal spin polarization of the alkali-metal atom of spin S and neon atom with nuclear spin W can be related to the absolute polarizations P K and P Ne by P Ne = W z /W and P k = S z /S. The term S z denotes the volume average of S z and W z the volume average of W z . Noble gases with a nuclear spin greater than 1/2 possess a quadrupole moment and exhibit relaxation that is dominated by the quadrupolar relaxation rate quad [14] . We assume the relaxation dynamics of 21 Ne atoms are dominated by this process.
One method to measure κ a is to measure the rate of increase of neon polarization at P Ne (0) = 0 [15] . This implies Eq. (4) can be written as
at low spin temperature. We measure the buildup of the nuclear spin polarization of neon as a function of time while the neon polarization is small to determine the alkali-metal-neon spinexchange rate constant κ a . These measurements are made for times where the buildup of neon polarization remains linear. The neon polarization is measured by monitoring the alkalimetal precessional frequency shift on reversal of the neon polarization. We additionally use a method based on repolarization in the dark to measure κ a [16, 17] . Here the polarized nuclear spins of the neon atoms repolarize the potassium atom's electron spins in the absence of optical pumping. In this case the total K spin,
The first term represents the contribution of diffusion of K through the cell to the rate of change of the total K spin. D is the diffusion constant for potassium in neon gas; n Ne is the number density in the vapor cells. The second term represents the contribution of depolarization via spin-destruction collisions to the rate of change of the total spin of the K atoms. k denotes the relaxation rate of the alkali-metal atom's electronic spin. Spin destruction collisions arise from a spin-rotation interaction of the alkali-metal atom's electron spin S a with the rotational angular momentum of the colliding atom pair N . The spin-rotation Hamiltonian H sd is given by [9] H sd ∝ S a · N.
The spin-rotation interaction transfers the alkali-metal atom's electron spin polarization to the translational degrees of freedom of the atoms [9] . We expect the contributions from diffusion to be small compared to the other terms in Eq. (7) . The relaxation rate due to diffusion is less than relaxation due to spin-destruction collisions by a factor of ≈1000. The diffusion rate is ≈40 times smaller than the last term of Eq. (7). This term represents a transfer of polarization from the noble gas nucleus to the electron spin of the alkali-metal atom.
When the neon has reached steady-state polarization Eq. (7) yields:
The relaxation rate of the alkali-metal atom's electronic spin, K , can be measured by analyzing the alkali-metal polarization relaxation in the dark. P Ne0 represents the nuclear polarization of neon atoms in the absence of optical pumping. P Ne0 can be measured directly by applying NMR tipping pulses on the polarized sample and detecting the resulting voltage induced in a pickup coil. P K0 represents the electron polarization of the alkali-metal atoms in the absence of optical pumping, and P K denotes the electron polarization of the alkali-metal atoms when the pump beam illuminates the cell. P K0 can be determined by measuring the optical rotation the probe beam experiences in the dark. These individual measurements are described in greater detail in the following sections.
In the work reported here we assume the dominant source of relaxation in neon arises from the quadrupolar relaxation rate quad . According to Ref. [14] the nuclear quadrupole moment couples to the electric field gradient induced when noble gas atoms collide. This causes spin depolarization in the nucleus. This results in a relaxation rate which is proportional to the filling density of neon gas. The quadrupolar relaxation rate can be determined by measuring the T 1 time of neon cells as a function of the filling density.
Under conditions where the spin-exchange rate is much smaller than the relaxation rate, the dominant source of relaxation of the electronic spin of the alkali-metal atoms is due to spin-destruction collisions. The spin-destruction rate can be expressed as [9] :
in the absence of optical pumping. The σ i-j terms represent spin-destruction cross sections between species i and j . The v i-j terms represent the mean relative velocity between gas species i and j . The K-Ne spin-destruction cross section σ K-Ne is determined by monitoring the decay of the polarization of the electron spin of the alkali-metal atoms to determine the total spin-destruction rate and fitting to Eq. (10). The alkalimetal relaxation is dominated by the σ K-Ne term. The additional terms contribute up to 30% of the alkali-metal relaxation rate depending on the relative densities of gas in the cell. The spindestruction cross-section σ K-Ne is determined by subtracting all other terms in Eq. (10) from the measured spin-relaxation rate. These terms are estimated from previous measurements of the relevant spin-destruction cross sections σ i-j [18] . In order to measure σ K-Ne one must modify the measured relaxation rate by accounting for the paramagnetic slowingdown factor . The last term in Eq. (10) represents alkalimetal depolarization as it strikes the cell wall. The expressions for the alkali-metal depolarization rate on collision with the cell wall were approximated by determining the fundamental classical diffusion mode of the respective cell geometries. For the K cells D K-Ne is the diffusion constant of K in Ne and a is the side length of the cell. For the experiments involving the Rb cell the expression for the alkali-metal depolarization a represents the diameter of the cell and D Rb−Ne represents the diffusion constant of Rb in Ne. The exact solution for the fundamental classical diffusion mode for a cell with cubic geometry is only approximately described by representing a as the side length of the cell. A numerical simulation determined that the discrepency for the cubic cells used in this work is negligible and within the uncertainty of the measurement of the relaxation rate of the electron spins of the alkali-metal atoms.
III. DESCRIPTION OF EXPERIMENTAL SETUP AND MEASUREMENT PROCEDURE
A 6.2-amagat sample of 90% isotopically enriched 21 Ne gas is contained in a cubic Pyrex cell of side length 20 mm. The Pyrex cell additionally contains a droplet of potassium and ≈10 Torr of nitrogen gas for quenching. Two additional cells were used in this study with 3.34 amagat and 1.6 amagat of 21 Ne gas. All cells contain between 50 and 100 Torr of nitrogen gas for quenching. The 1.6-amagat cell also contains a droplet of potassium metal, and the 3.34-amagat cell contains a droplet of rubidium metal. The 1.6-amagat cell has the same dimensions as the 6.2-amagat cell. The 3.34-amagat cell containing rubidium is spherical in shape with a diameter of 20 mm. All cells are constructed from Pyrex glass.
The Pyrex cell is located in a glass oven. The Pyrex cell is heated to 180
• C via a hot air line. The hot air line flows into a double-walled glass oven which contains the cell. The glass oven is heated via the hot air line. The glass oven is in contact with a teflon rod which is in turn in contact with the Pyrex cell, and heats it via conduction. The Pyrex cell is fully illuminated by a high-power Sacher Laser Tech Littrow diode laser. The laser diode is tuned to the potassium D 1 line and outputs 100 mW of power. The Sacher Laser Tech Littrow diode laser beam is utilized to polarize the electron spin of the K atoms. The laser beam passes through a λ/4 waveplate to circularly polarize the beam to ensure efficient polarization of the electron spin of the K atoms. A Toptica D 1 -100 diode laser is utilized as a probe beam. The probe beam passes through a linear polarizer and propagates parallel to the pump beam. The Pyrex cell is placed in the center of two 86.4-cm-diameter Helmholtz coils. The Helmholtz coils produce a holding field of approximately 16.7 G. The Helmholtz coils are powered by a 100-V Kepco linear power supply. A pair of NMR tipping coils in the Helmholtz configuration are oriented perpendicular to the optical axis in the z direction as shown in Fig. 1 . A pair of rf modulation coils are also located in this position. A NMR pickup coil is oriented perpendicular to the optical axis along the y direction. The NMR pickup coil has a quality factor Q of ≈14 and is tuned to the precession frequency of the neon atoms. The precession frequency of the neon atoms is 5567 Hz. For the measurements involving Rb atoms the laser utilized for optical pumping is a 2-W 19-diode laser array from Coherent Inc., and the laser utilized for a probe beam is a 10-mW Nanoplus DFB laser diode.
The contact spin interaction κ 0 is calculated by computing the ratio of the magnetic field shift experienced by the potassium atoms on reversal of the neon atom's nuclear spin and the magnetic field produced by the magnetization of the neon atom's nucleus. The magnetic field shift the potassium experiences is determined by reversing the neon atom's nuclear spins via adiabatic fast passage (AFP) while locking the magnetic holding field to the potassium electron paramagnetic resonance (EPR). The magnetic field shift causes a shift in the precessional frequency of the alkali-metal atoms. The output of the feedback electronics is used to calibrate the K precessional frequency shift and determine the magnetic field shift. The alkali-metal atom's precessional frequency shift is calibrated by shifting the EPR frequency in 100-Hz increments and monitoring the resulting shift in the feedback voltage. The feedback electronics are described in greater depth in subsection III B. The neon magnetization is determined through application of NMR tipping pulses and subsequent detection utilizing a calibrated NMR pick up coil.
The spin-exchange rate constant κ a is determined with the repolarization method by measuring several parameters in Eq. (9). K , P K0 , P Ne0 , and n Ne are each measured independently. The nuclear polarization of the neon atoms, P Ne0 , is calculated by monitoring the potassium frequency shift caused by the polarized neon nucleus. The frequency shift is measured utilizing the EPR lock, and AFP reversal scheme previously employed to measure κ 0 . The neon atom's number density, n Ne , is determined from the cell filling density. The decay rate of the electron spin of the potassium atoms, k , is determined by manually chopping the pump beam, and measuring the resulting decay in the optical rotation.
The polarization of the electron spin of the potassium atoms, P K0 , was determined using a two-step process. First, the rf source was swept in frequency over the K Zeeman levels to determine the K polarization with the pump illuminating the Pyrex cell. The relative areas under the Zeeman transitions are compared to calculate the K polarization. The pump beam was then blocked and the repolarization of K by Ne was measured by monitoring the optical rotation of the probe beam. P K0 was calculated by calibrating the optical rotation obtained during back polarization with the optical rotation measured while the Pyrex cell was illuminated. The magnitude of the optical rotation angle of the probe beam should vanish when the pump beam is blocked. We remove systematic effects a nonzero offset on the optical rotation signal has in determining P K0 by measuring the point of zero optical rotation. The point of zero optical rotation is found by flipping the nuclear spins of the neon atoms with AFP and monitoring the subsequent change in the optical rotation in the absence of optical pumping or in the dark. The peak to peak amplitude of the resulting probe beam signal is twice the magnitude of the optical rotation of the probe beam. The determination of the magnitude of the optical rotation angle of the probe beam is robust against any systematic offset in the point of zero optical rotation.
The spin-exchange rate constant was also measured using the rate of increase technique. Rate of increase measurements initially require a state where the neon nuclear spin polarization is zero. The neon atom's nuclear spins are depolarized by application of a continuous rf field at the neon atom's NMR frequency for several seconds. After the neon nuclei polarize for a set time interval the polarization was measured. An AFP sequence was applied while locking the magnetic holding field to the EPR resonance to measure the neon atom's nuclear polarization. Subsequent measurements were performed by depolarizing the neon atom's nucleus and allowing the neon atoms to polarize for different time intervals.
The electron polarization of the potassium atoms while the pump beam illuminates the cell is P K . P K must be measured for determination of κ a when utilizing the rate of increase method. To account for the variation in K polarization across the cell, the probe beam was swept across the cell and the variation in optical rotation of the probe beam was measured. The K polarization at the center of the cell was measured using rf modulation. An estimate of the average polarization of the cell was obtained by scaling the polarization of the K atoms with the optical rotation of the probe beam at different points across the cell.
The contribution of the neon quadrupolar relaxation to the overall neon nuclear spin-relaxation rate was determined by comparing the T 1 times of cells as a function of filling density of neon gas. The T 1 times were measured by determining the time constant of the buildup of the neon atom's nuclear spin polarization. The neon atom's nuclear polarization was measured utilizing the EPR lock-AFP flip scheme previously described.
A measurement of the spin-destruction rate of K in the K-Ne cell and subsequent calculation of the K-Ne spindestruction cross section was carried out. The spin-destruction rate was determined by measuring the K atom's electron spin relaxation rate in the absence of illumination by the pump laser beam. The spin destruction rate was extrapolated to zero probe beam intensity by making multiple spin destruction rate measurements at different probe beam intensities. The variation in probe beam intensity was achieved by placing neutral density filters of different values directly in the beam path before the probe entered the cell.
In the following subsections we describe measurements of the individual parameters in Eq. (6), Eq. (9), and Eq. (10) in greater detail. In this work we refer to the spin-exchange rate measurements of the K- 21 Ne system. However the measurement technique is identical to that utilized for the Rb- 21 Ne system.
A. NMR detection
The nuclear polarization of the neon atoms P Ne0 is measured using NMR when determining κ 0 . A NMR signal of the Ne atoms was obtained by tipping the nuclear spins of 21 Ne gas using two 22.9-cm-diameter tipping coils in the Helmholtz configuration. Typical tipping angles are approximately 30
• . For a resonant NMR tip produced by a pair of Helmholtz coils, the tipping angle is given by:
where the magnetic rf field amplitude is denoted by B, the duration of the tip pulse is t, and the gyromagnetic ratio of the neon is denoted by γ Ne . The resulting NMR signal is detected with a four-coil pickup detector with multiple turns per coil. The detector consists of two pairs of pickup coils with opposite winding orientation so that the combined pickup detector has zero dipole moment. This arrangement minimizes coupling of the pickup detector to external fields which are not due to the magnetization of 21 Ne gas. Each pair of coils is located symmetrically about the cell and are wound on one Teflon rod. A numerical model was utilized to determine optimum coil placement in order to maximize sensitivity of the pickup detector.
The NMR tipping coils were calibrated using two independent methods. First, the Pyrex cell is replaced with a small pickup coil of similar dimension to the Pyrex cell. The tipping coils are then operated. The resulting signal from the small pickup coil is fed into a lock-in amplifier and used to calibrate the magnetic field strength. Care is taken to properly align the axis of the pickup coil with that of the tipping coils. For the second calibration scheme the current entering the tipping coils is measured. The magnetic field produced from the tipping coils is calculated from a knowledge of this current and the coil geometry. The two calibration schemes agree to 2%. The discrepency in calibration is within the compound precision of the coil geometry measurements, alignment of pickup coils, and ammeter precision.
The NMR pickup signal is fed into a low-noise pre-amp and monitored via computer. The pickup coil is also calibrated using two methods. The first calibration method requires a dummy source of known size to create a magnetic field. The magnetic field strength is calculated based on the dummy coil geometry. The dummy coil has an outer diameter of 1.65 cm and a length of 1.52 cm. The resulting pickup is measured to determine the calibration. The pickup coils are also operated in reverse to produce a magnetic field at the cell location. A small pickup coil is placed in this location. The two calibration signals are compared using reciprocity arguments [19] and agree to 6%. The uncertainty of the Q of the resonant coils is 4%.
B. Electron paramagnetic resonance shift
The contact spin interaction κ 0 is calculated by measuring the effective magnetic field the K atoms experience simultaneously with the classical magnetic field the neon atoms produce. The effective magnetic field the K atoms experience is measured by monitoring the shift in the EPR frequency on reversal of the neon atoms nuclear spin [20] [21] [22] [23] . A double feedback scheme is utilized to accomplish this. The first feedback loop locks the output of the magnetic holding field to minimize magnetic field fluctuations from external sources. A fluxgate magnetometer is placed approximately 12.7 cm from the Pyrex cell outside the glass oven to facilitate this. Special care must be taken to prevent the fluxgate from saturating in the holding field. The holding field is 16.7 G. The fluxgate was prevented from saturating by winding a solenoid around the fluxgate's sensor region. This compensating solenoid produces a magnetic field in a direction opposite to the magnetic field produced by the 86.4-cm Helmholtz coils. The compensating field cancels the holding field and results in zero magnetic field at the location of the fluxgate's sensor. The compensating solenoid is wound in two layers, which have opposite winding orientation. The compensating solenoid has zero dipole moment and does not produce any external magnetic field at the location of the Pyrex cell. The inclusion of the compensating magnetic field does not influence the experimental results obtained in this work. The compensating solenoid is powered by a custom-built voltage-controlled current supply. The output of the fluxgate is fed through PID feedback electronics to the input of the voltage-controlled power supply. The voltage-controlled power supply powers the large Helmholtz coils which produce the holding field.
The second feedback loop locks the magnetic holding field to the K atom's EPR frequency. The K atoms experience a magnetic field which is the sum of contributions from the magnetization of Ne gas and a magnetic holding field. When the total magnetic field the K atoms experience is shifted the holding field for the atoms is also shifted to ensure that the K EPR resonance frequency remains constant. The first feedback loop controls the current which supplies the holding field for the K atoms, while the second feedback loop gives an offset to this field in order to maintain a constant EPR frequency for the K atoms.
A small rf coil is used to produce a rf magnetic field at the K atom's EPR frequency of 12.4957 MHz, with a sweep width of 15 KHz and a sweep rate of 340 Hz in order to operate the second feedback loop. The optical rotation of the probe beam is measured as the rf coils sweep in frequency across the K atom's EPR frequency. The derivative of the optical rotation signal is produced by feeding the optical rotation signal into a lock-in amplifier which has been referenced to the rf sweep frequency. The end resonance of the F = 2 manifold of the K atom's energy spectrum is locked to by feeding the dispersive phase component of the output of the lock-in amplifier through feedback electronics and into the current supply powering the compensating solenoid
The output of the integral feedback box is monitored and calibrated by introducing 100-Hz frequency shifts incrementally in the base frequency of the rf field. The rf field frequency is shifted by 100 Hz, and the resulting feedback box voltage is monitored. This relation is linear, and is used to calibrate the EPR frequency shifts. Operating at high field causes the K resonance to be nonlinearly spaced due to the Breit-Rabi splitting [24] . The effective gyromagnetic ratio of the end state due to the Breit-Rabi splitting is calculated using a numerical program. κ 0 can be determined by relating the K atom's frequency shift to the effective gyromagnetic ratio, and the neon polarization by setting M n = µ Ne n Ne P Ne in Eq. (2) [20] .
The contact spin interaction κ 0 is measured using AFP [25] to flip the orientation of the polarized nuclear spins of the neon atoms by 180
• , while keeping the holding field locked to the potassium atom's EPR frequency and monitoring the frequency shift as shown in Fig. 2 . The peak to peak amplitude of the frequency shift seen using EPR is twice the value of the frequency shift induced by the polarized neon nuclei. The nuclear spin orientation of the neon atoms is flipped by sweeping the frequency of a magnetic field across the NMR precession frequency of the neon gas atoms. This is accomplished by producing an oscillating magnetic field with the small set of Helmholtz coils while satisfying the AFP conditions [25] :
The AFP field frequency was swept utilizing a voltagecontrolled oscillator which was controlled via a ramping voltage from a National Instruments data acquisition (NI-DAQ) analog output. The resulting signal was then amplified through a 100-V bipolar amplifier to supply the AFP field. The neon atom's nuclear spins are flipped every 5 s. The frequency is swept from 2500 to 7500 Hz in 1 s. The AFP field strength is ≈4 G. The flip efficiency is 99.7%. In order to optimize flip efficiency it was necessary to slowly ramp up the AFP field 043415-5 strength before the AFP field frequency was swept. The AFP field was raised from 0 to 4 G in 0.7 s prior to sweeping the AFP field in frequency and ramped down after the sweep.
C. Alkali-metal polarization and alkali-metal polarization decay constant measurement
When the Pyrex cell containing the K and Ne atoms is fully illuminated the K atom's electonic polarization is determined by sweeping a rf field across the Zeeman levels of the ground state of the K atoms and simultaneously measuring the optical rotation of the longitudinal probe beam [16] . The transverse rf field depopulates the end-state population of F = 2 manifold of the K atoms and lowers the K atom's polarization. This reduction in alkali-metal polarization reduces the optical rotation of the probe laser. The K atom's polarization can be determined by comparing the area under the peaks of the different transitions of the F = 2 manifold and using Eq. (14) as shown in Fig. 3 . The states are designated with the indices A F m . The area under a transition peak (F ,m) → (F ,m − 1) is well described by the state population ρ F m and the rf field B rf as [16] :
The area A F m is proportional to the product of the population difference of the two states and the square of the rf coupling between the two states.
The rate of increase and repolarization experiments operate in the regime where the magnetic sublevel populations are well described by a spin-temperature distribution [9] . The relationship between sublevels in a spin-temperature distribution is ρ F m ∝ exp(βm). Substituting this relationship into Eq. (13) and noting that the spin polarization is given by P k = tanh(β/2) gives the K atom's electron spin polarization as where
For the case of K atoms the end state of the F = 2 manifold is populated. The Rb used in these experiments was of natural abundance composition. In Eq. (15) F must be set to 3 when describing 85 Rb and 2 when describing K or 87 Rb because the nuclear spins of these species differ. Under normal operating conditions the electronic spin polarization of the alkali-metal atoms is close to 1. For K atoms only the end-state transition A 22 is visible under these conditions of high-electron-spin polarization. However, one can view the entire spectrum if the pump beam power is sufficiently attenuated.
The K atom's electron spin decay time constant is determined by monitoring the optical rotation due to the polarized K atom's electron spins as the pump beam is chopped as shown in Fig. 4 . To obtain the spin-destruction rate the measured decay constant must be multiplied by the paramagnetic slowingdown factor [9, 13, 16] . For a spin I , when the spin temperature is low (β 1), the paramagnetic slowing-down factor reduces to 4I (I + 1)/3 [9] . Only data from the low polarization portion of the data set were fit to the simplified expression for where β 1.
D. Back polarization measurement
The K atom's electron spin polarization in the dark was determined by measuring the optical rotation due to Ne-K back polarization. The optical rotation signal was routed through a low-noise preamp and fed into a NI-DAQ for data acquisition. The optical rotation offset at the zero electronic polarization level of the K atoms was determined by the reversing the neon polarization utilizing the AFP Helmholtz coils as shown in Fig. 5 .
The back polarization in the dark is determined by comparing the gain adjusted optical rotation with the pump beam illuminating the cell to the optical rotation signal when the pump beam is blocked. Since the alkali-metal atoms' electron spin polarization was measured when the pump beam was unblocked one can scale the optical rotation signals in both cases to determine the absolute polarization. During operation of the pump beam large optical rotations of ≈1 rad were observed. One cannot use the standard small-angle optical rotation formula:
to describe the optical rotation angle of the probe beam when the optical rotation angle is large. I 1 and I 2 denote the voltages on the individual channels of the balanced polarimeter. The optical rotation angle is correctly described in terms of the voltages on the individual channels of the polarimeter as:
when the optical rotation angle is large.
E. Alkali-metal density measurement
The potassium atom density n k is determined by measuring both the optical rotation of the longitudinal probe beam and its detuning. The optical rotation must be appropriately scaled with the potassium electron spin polarization to determine the alkali-metal density because the potassium is not fully polarized to 1. The optical rotation angle of the probe beam is described by: 
The contribution to the optical rotation from the D 2 transition is approximately 10%. The average K density is 4.7 × 10 13 /cm 3 which is a factor of 4 less than that predicted by the empirical formula which relates the vapor pressure to the cell temperature at 180
• C [26] . There is often a discrepancy in the value calculated from the saturated vapor pressure and the observed vapor density by at least a factor of 2 [16] . Nonuniform temperature of the cell can cause this discrepancy. The alkali-metal vapor pressure in the cell can also be reduced due to interactions with the glass walls of the cell with the alkali-metal atoms. Reduction in vapor alkali-metal pressure has been observed for Pyrex glass cells such as those used to construct the cells in this work [16] . Substantial heating of the cell due to the pump beam can increase the alkali-metal density.
The probe beam detuning is measured by monitoring the optical rotation as the probe beam frequency is swept to determine the location of the probe beam frequency on the absorption component of the D 1 resonance. The probe beam frequency is monitored by wavemeter as it is swept. The probe beam frequency is tuned by varying the temperature to minimize variation in the probe beam intensity. The probe beam power is also measured during this process. The probe beam is detuned ≈0.5 nm from the center of the absorption peak. The pump beam is tuned to resonance by varying the laser current until the optical rotation experienced by the probe beam is a maximum. The 100-mW pump beam is sufficiently powerful to uniformly polarize alkali-metal metal atoms in all regions of the cell.
IV. CONTACT SPIN INTERACTION κ 0 RESULTS
The contact spin interaction κ 0 for the K- 21 Ne pair is 30.8 ± 2.7. This is approximately 10% lower than the value of 34 as predicted by Walker [11] . It should be noted that the experimentally measured κ 0 for other noble-gas-alkali-metal 043415-7 
Species
Contact spin interaction K-Ne (this work) 30.8 ± 2.7 K-Ne (prediction) [11] 3 4 Rb-Ne (this work)
35.7 ± 3.7 Rb-Ne (Walsworth) [27] 32.0 ± 2.9 Rb-Ne (prediction) [11] 3 8
pairs is 10-20% lower than predicted. When the experimentally measured values are arranged by magnitude the gas mixtures show the same orderering as the theoretically predicted values. The contact spin interaction was also measured for the RbNe pair. It was found to be 35.7 ± 3.7 which is in agreement with the value measured by Ref. [27] of 32.0 ± 2.9. Both of these values are below the value of 38 predicted by Ref. [11] . The magnitudes of the contact spin interactions for the different pairs of atomic species is listed in Table I .
V. NEON QUADRUPOLAR RELAXATION RATE MEASUREMENT
The contribution of the quadrupolar relaxation rate to the overall nuclear spin-relaxation rate of the neon atoms can be estimated by comparing the T 1 times of the neon cells as a function of filling density. One expects the dominant contribution of nuclear spin relaxation to be due to nuclear electric quadrupole interaction for gases which posses a quadrupole moment [14] . One expects the T 1 relaxation time to vary inversely with the density of the neon buffer gas. In Fig. 6 we observe that the T 1 time is inversely proportional to the density of neon gas in the cell. The data implies a relationship between the neon gas density and the The data from the cell with the lowest neon gas density is taken from the previous work of Grover [12] , whereas the data from the remaining cells are from this work. Both Grover's cell and the 3.34-amagat cell is filled with a Rb-Ne mixture, whereas the others cells are filled with a K-Ne mixture. The density of Ne gas in the Rb-Ne cell is determined by measuring the broadening of the optical D 1 transition in Rb vapor. The large uncertainty in the density of neon gas in the 3.34-amagat cell is due to the uncertainty in the literature of the broadening parameters for the D 1 transition of Rb vapor in neon gas [28] .
VI. SPIN-EXCHANGE RATE CONSTANT RESULTS
The K- 21 Ne spin-exchange rate constant, measured with the repolarization method, is 3.36 ± 0.67 × 10 −20 cm 3 /s and is listed in Table II . The error is dominated by probe beam noise during the back polarization measurement when utilizing the repolarization method. Probe beam noise is due to fluctuations in the probe beam intensity and frequency.
Data for the rate of increase method was taken in the limit of low nuclear spin polarization of the neon atoms. The rate of increase of the neon atom's nuclear spin polarization remained linear in this regime as shown in Fig. 7 . The K- 21 Ne spin-exchange rate constant was measured to be 2.34 ± 0.52 × 10 −20 cm 3 /s using the rate of increase method. The error utilizing this method is dominated by the uncertainty in the average alkali-metal polarization and density across the cell.
Neon atoms were additionally polarized using spinexchange optical pumping with Rb metal. The Rb-Ne spin-exchange rate constant was measured to be 0.80 ± 0.16 × 10 −19 cm 3 /s using the repolarization method and [29] . These values disagree. The authors of Ref. [29] determined their rubidium density by directly applying the saturated vapor pressure calculated by the empirical formula given by Ref. [26] . This formula can be in disagreement with the actual alkali-metal density by as much as a factor of 2 [16] . The authors of Ref. [29] analyze the nuclear spin relaxation of the Ne atoms nucleus using nuclear spin-relaxation rate equations which differ in the rate of growth and the rate of decay of the Ne atom's nuclear polarization depending on the polarization of Rb atom's nucleus. This is contrary to the nuclear spin-relaxation rate equations stated by Refs. [9, 30] . This implies that the disagreement between the value measured in Ref. [29] and ours is not unexpected.
VII. MEASUREMENT OF SPIN-DESTRUCTION CROSS SECTIONS OF Ne WITH Rb AND K
The observed spin-destruction rate can be compared to that predicted by using the known spin-destruction cross sections and gas densities in the cells using Eq. (10). The observed spin-destruction rate was obtained by observing the potassium relaxation in the absence of optical pumping from the pump laser.
The alkali-metal-neon spin-destruction cross section was calculated by measuring the spin-destruction rate of the electronic spin polarization of the alkali-metal atoms. The spin-destruction rate was measured by monitoring the relaxation of the electronic spin of the alkali-metal atoms in the absence of illumination of the atoms by the pump laser. This measurement was described in the alkali-metal polarization decay constant measurement section. The spin-destruction rate of the alkali-metal atom's electronic spin polarization was extrapolated to zero probe beam intensity by making multiple spin-destruction rate measurements at different probe beam intensities. The variation in probe beam intensity was achieved by placing neutral density filters of different values directly in the probe beam path before the probe beam entered the cell. The alkali-metal-neon spin-destruction cross sections are listed in Table IV .
VIII. FEASIBILITY OF 21 Ne FOR USE IN A COMAGNETOMETER
The objective of the experiments on 21 Ne atoms is to catalog the parameters necessary to create an alkali-metalneon comagnetometer which can be used for experiments on tests of fundamental symmetries and for deployment as a sensitive gyroscope. In order to utilize 21 Ne gas in a comagnetometer arrangement one requires polarization higher than that observed for the set of spin-exchange rate measurements at 140
• C. The nuclear polarization of neon atoms can be increased by raising the density of alkali-metal atoms. This requires additional laser power to ensure the optically thick cell remains uniformly polarized. Experiments were carried out at higher density at 180
• C and resulted in ≈8% neon polarization. The steady-state polarization of the nuclear spins of neon gas achieved via spin-exchange pumping with rubidium is accurately predicted by:
The steady-state polarization of the neon atoms as described by Eq. (21) assumes the dominant neon relaxation mechanism is due to quadrupolar relaxation. The nuclear spin polarization of the neon atoms P Ne is calculated by substituting the measured spin-exchange rate constant for κ a into Eq. (21) and calculating the T 1 time utilizing the quadrupole relaxation rate given in Fig. 6 . A nuclear spin polarization of 0.55% at 140
• C was expected after correcting for the nonuniform electronic polarization of the rubidium atoms across the cell. A value of 0.8 ± 0.13% was measured using AFP while locked to the EPR resonance.
A numerical model was developed to calculate the sensitivity of a Rb-Ne comagnetometer by optimizing the laser power, laser detuning, and cell temperature [34] . The sources of noise included were the effects of spin projection noise and photon shot noise. The effects of light shift noise were ignored because a comagnetometer operates with the pump and probe beams orthogonal to each other. In this orientation the sensitive axis of the magnetometer is perpendicular to the plane which contains both laser beams. It is insensitive to light shift noise caused by fluctuations in the ellipticity of the probe beam to first order.
The numerical model predicts that a cell with a pancake geometry and dimensions 6 × 15 × 15 mm can achieve a sensitivity of 60 aT/ √ Hz if it is filled with 3 amagat of neon gas and operated at 180
• C. This is a one order of magnitude improvement over the best demonstrated sensitivity for a comagnetometer of 0.75 fT/ √ Hz [35] . The predicted rotational sensitivity of the comagnetometer is 1 × 10 −9 rad/s/ √ Hz. This is a factor of 500 lower than the demonstrated sensitivity of the K-He gyroscope [6] .
At 180
• C the cell temperature approaches the upper temperature at which a Pyrex cell be operated without discoloration in the Pyrex glass. Aluminosilicate glass is typically more resistant to discoloration than Pyrex. Operation with an aluminosilicate cell would remove concerns over issues of discoloration of the cell.
Under the operating conditions yielding optimized comagnetometer sensitivity, the neon atom's NMR frequency is ≈2.3 Hz. The pump laser power is 40 mW, and the probe beam is 10 mW and detuned 0.4 nm below the D 1 resonance wavelength. The powers of the lasers are within power rating of DFB laser diodes. DFB laser diodes are available with power ratings up to 100 mW. The angular noise corresponding to the atomic shot noise is 5 nrad/ √ Hz in the comagnetometer simulation. The numerical simulation suggests it is feasible to create a Rb-Ne comagnetometer with fundamental noise comparable to the state-of-the-art atomic comagnetometers.
IX. CONCLUSION
The spin-exchange rate constant for both the Rb- 21 Ne and K- 21 Ne systems have been measured using two different techniques. The values obtained from both spin-exchange rate methods are in agreement. The level of agreement for the Rb-Ne system is better than that of the K-Ne system due to the larger magnitude and more accurate determination of the spin-exchange rate constant for the Rb-Ne system. The spin-exchange rate constant for the Rb- 21 Ne system does not agree with the previous value in the literature. The contact spin interaction for both the Rb- 21 Ne and K- 21 Ne pairs have been measured. There is agreement with the previously measured value for the Rb- 21 Ne system. The quadrupolar relaxation rate for neon nuclei has been measured for the first time. Additionally, the spin-destruction cross sections of both Rb and K with 21 Ne have been measured. We have modeled the neon polarization as a function of alkali-metal density and have shown that the nuclear polarization dynamics of 21 Ne gas are well described by assuming quadrupolar relaxation is the dominant form of nuclear spin relaxation of the neon gas and that spin-exchange collisions are the dominant interaction which polarizes the neon nucleus. We have modeled the behavior of 21 Ne in a co-magnetometer setup. We have predicted that for a cell with pancake geometry it is possible to create a Rb- 21 Ne comagnetometer with magnetic field sensitivity rivaling that of existing noble gas comagnetometers.
